Introduction {#Sec1}
============

Curcumin is a polyphenol occurring naturally in the rhizome of the herb *Curcuma longa*, known popularly as turmeric in India. From a chemical point of view it is a α,β-unsaturated diketone (diferuloylmethane) exhibiting keto-enol tautomerism. Since ancient times it has been used along other curcuminoids extracted from turmeric in traditional medicine due to its beneficial influence on human health. Curcumin shows anti-oxidant ([@CR1]), anti-inflammatory ([@CR2]), anti-microbial ([@CR3]) and anti-tumor ([@CR4]), nephro-protective ([@CR5]) and anti-diabetic ([@CR6]) activities. Importantly, curcumin is safe even at high doses ([@CR7]). Despite these properties, clinical application of curcumin is limited due to its low water solubility and bioavailability, as well as susceptibility to degradation, particularly in the presence of light ([@CR8]). Multiple strategies have been employed to overcome these issues ([@CR9]--[@CR13]), however none of them have been completely successful.

The delivery of a drug in the human body is aimed at achieving or optimizing the therapeutic effects of the drug, while minimizing its adverse effects ([@CR14]). Applicability and bioavailability of active pharmaceutical ingredients (APIs) requires their dissolution in aqueous media at some point of the administration rout of the drug ([@CR15]). Therefore, the problem of limited aqueous solubility of drugs becomes an important issue, since as studies show a considerable part of newly developed drugs can be regarded as practically insoluble ([@CR16]). This poses a need for developing new formulation strategies overcoming the problem of poor solubility of APIs. The importance of this challenge lies in the fact that limited solubility does not only hinder the bioavailability of a drug, but can also result in significant side effects. These side effects are a consequence of dose escalation, which is necessary in the case of poorly soluble drugs, and manifest particularly in the irritation of the gastrointestinal tract ([@CR17]). Several different delivery strategies were developed to address the problem of inadequate solubility of APIs and they can be divided into two general types of strategies. The first group is focused on the reduction of particle size of the drug and includes micronization ([@CR18]) or forming nanocrystals ([@CR19]). The second group utilizes the change of the crystal form of the drug, which can include cocrystals formation ([@CR20]), formation of salts ([@CR21]) or creating metastable polymorphs ([@CR22]). There are also other strategies aimed at increasing drug solubility, namely complexation with cyclodextrin ([@CR23]), amorphization ([@CR24]), formulation of solid dispersions ([@CR25]), modification of pH ([@CR26]) or solubilization in lipids ([@CR27]). However, it would be also advantageous to achieve a desired therapeutic effect with the use of a simple solvent without the costly and time consuming procedures. This requires a search for new media, which would offer both higher solubility of the active ingredient, as well as environmental and health safety. In this context, a particularly interesting group of solvents are natural deep eutectic solvents (NADES).

In general, deep eutectic solvents (DES) can be treated as mixtures of solids compounds that can form liquid solutions even at room temperature, which is a result of lowering of mixture melting point ([@CR28]). In particular, natural deep eutectic solvents (NADES) are a specific subgroup of DES comprising such primary plant-based metabolites as organic acids, alcohols, amino acids or sugars ([@CR29]). There are several beneficial properties of NADES which distinguish them from traditional solvents and these include low volatility, liquid state even in sub-zero temperatures, biodegradability, sustainability, high extraction and stabilization potential, low cost and simplicity of preparation ([@CR30]). It is then no surprise that natural deep eutectic solvents have found their application in many different areas, such as extraction ([@CR31]), stabilization ([@CR30]), biotransformation ([@CR32]), enzyme reactions ([@CR33]), improving solubility in the aqueous phase ([@CR34]) or enhancement of bioactivity ([@CR35]).

This particular study was focused on the search for an optimal NADES formulation that would allow for an enhanced solubility and bioavailability of curcumin. For this purpose several NADES constituents that are already well-established in the literature were used, namely sugars and sugar alcohols ([@CR36],[@CR37]) Especially interesting was the behavior of curcumin in simulated gastrointestinal fluids, acting as models of natural conditions of drug absorption. The general premise of the study was that natural deep eutectic solvents could be employed throughout the whole process of curcumin handling, *i.e*. from the extraction from natural sources up to oral administrations to individuals. Also, the COSMO-RS computational protocol, which was already used in the context of NADES properties ([@CR38]), was utilized for a deeper understanding of the behavior of the analyzed systems.

Materials and Methods {#Sec2}
=====================

Materials {#Sec3}
---------

Curcumin (CAS: 458--37-7) was provided by Sigma Aldrich. Natural deep eutectic solvent constituents comprised eight different compounds, namely choline chloride (CAS: 67--48-1), glucose (CAS: 50--99-7), fructose (CAS: 57--48-7), sorbitol (CAS: 50--70-4), xylitol (CAS: 87--99-0), maltose (CAS: 69--79-5), sucrose (CAS: 57--50-1) and glycerol (CAS: 56--81-5), which were also purchased from Sigma-Aldrich. Methanol, used as a solvent, was obtained from Avantor Performance Materials, Poland. All chemicals were purchased at their highest available purity and were used as received, apart from choline chloride which was dried before use. Fasted State Simulated Intestinal Fluid (FASSIF) and Fasted State Simulated Gastric Fluid (FASSGF) powders were purchased from [Biorelevant.com](http://biorelevant.com) Ltd. and were prepared according to the instructions. Commercial turmeric powder was purchased from three different manufacturers and used for curcumin extraction without any modifications.

Methods {#Sec4}
-------

### NADES Solubility Measurement {#Sec5}

Natural deep eutectic solvents were prepared by mixing choline chloride together with one of the other NADES components. Weighed amounts of these mixtures were sealed in test tubes and heated at 80°C in a water bath until homogenous solutions were formed. In order to determine the solubility of curcumin in a specific NADES its excess amount was added to the test tube containing the NADES composition which was then stirred and allowed to reach equilibrium conditions at room temperature. After 24 h the compositions were centrifuged ensuring that the remaining excess amount of curcumin was left on the bottom of the test tube. Before the actual solubility measurements the solution was filtered using PTFE syringe filter with a 0.20μm membrane. A small amount of NADES supernatant containing the drug was then weighed and diluted in methanol. Samples were diluted in order to obtain a value of absorbance within the linearity limit of the calibration curve. The concentration of the drug in NADES was measured spectrophotometrically on a Biosens UV-6000 spectrophotometer and the absorbance was measured at 422 nm. The concentration of curcumin was based on a calibration curve (see Fig. [1](#Fig1){ref-type="fig"}) obtained by dissolving pre-weighed amounts of curcumin in methanol and measuring their absorbance in the function of concentration, expressed as mass of the drug dissolved in an amount of the solvent. Three samples were measured for each of the considered systems. The influence of temperature on the solubility of curcumin in NADES was tested by heating the formulation and adding an excess amount of the drug to a test tube. The system containing curcumin in NADES was then kept in a water bath at controlled temperature for 1 hour. The final procedure of determining the concentration was identical as the one described earlier.Fig. 1Calibration curve for curcumin, obtained by plotting the absorbance of the drug in the function of its concentration in methanol solvent.

### Extraction Measurements {#Sec6}

Turmeric powder from three different commercial suppliers was extracted with water, methanol and NADES comprising choline chloride and glycerol. An excess amount of the powder, that is 250 mg, was placed in a sealed vessel together with an appropriate solvent and then placed on a mechanical stirrer. After 24 h the concentration of curcumin in the solution was measured according to the procedure described earlier.

### Stability Measurements {#Sec7}

Two samples of curcumin, one dissolved in methanol and the other in NADES, were prepared and their concentrations were measured. These samples were exposed to artificial sunlight and after fixed intervals of time the concentration of curcumin in the samples was determined. Also powdered curcumin was tested and in this case the procedure involved the dissolution of a specific amount of curcumin powder in methanol and then the determination of its concentration. An artificial sunlight lamp was used for simulating the effect of sunlight exposure. The power density of this lamp was measured as a function of the length from the lamp to the surface containing the examined epoxy pellets. Also, the temperature was measured in order to avoid overheating of the samples. The length of 12.5 cm from the samples was chosen, giving a power density of 9.2 kW/m^2^. A series of time intervals from 15 to 120min was used for exposure of the samples and the results were presented in the function of the calculated irradiance, expressed in kWh/m^2^.

### FASSIF and FASSGF Solubility Measurements {#Sec8}

Fasted State Simulated Intestinal Fluid (FASSIF) and Fasted State Simulated Gastric Fluid (FASSGF) were used to determine the solubility of curcumin in gastrointestinal fluids. These two simulated fluids were prepared according to the instructions provided by the producer and the curcumin containing NADES formulation was prepared according to the procedure described earlier. Different volumes of simulated gastrointestinal fluids were used to reflect their different amounts among individuals. A fixed amount of a NADES formulation weighing 300 mg and containing 2.3 mg of curcumin was added to the fluids. After the precipitation of the excess amount of curcumin, a sample was taken from the fluid and centrifuged ensuring that the remaining excess amount of curcumin was left on the bottom of the test tube. A small amount of the fluid containing dissolved curcumin was then measured spectrophotometrically and after the measurement the whole sample, including the undissolved curcumin, was returned to the main volume of the fluid. A series of gradual dilutions was prepared by adding different amounts of simulated fluids and for each dilution the concentration of curcumin was measured. For comparison, the solubility of curcumin powder in FASSGF and FASSIF was measured, similarly as in the case of curcumin solubility in NADES.

### Quantum Chemistry Computations {#Sec9}

Structures of choline chloride, glycerol and curcumin were represented by series of the most probable conformations generated using COSMOconf 4.2 ([@CR39]) on COSMO-BP/def2-TZVPD-fine level. Thermodynamic characteristics were described with an aid of COSMOtherm Version 18 ([@CR40]), using the BP-TZVPD-FINE_18.01 parameterization. Interactions of components in NADES were described by inclusion of homo- and hetero-molecular pairs. Bimolecular clusters were obtained according to the contact probability computed using COSMOtherm facilities. Obtained geometries were pre-optimized with an aid of COSMO-BP/SVP approach and all resulting structures of relative energies higher than 25 kcal/mol were rejected. The remaining pairs were re-optimized using COSMO-BP/def2-TZVPD-fine approach. Thermodynamic characteristics of curcumin-NADES solutions was based on the Gibbs free energy of a X + Y = XY reaction type, where X,Y denote the considered species. Since the energy of the compounds in the gas phase has the strongest influence on the accuracy of the equilibrium constants and components affinity, the contributions coming from electron correlation were included, using RI-MP2 *ab inito* approach. The def2-QZVPP basis sets were used as implemented in Turbomole 7.0 ([@CR41]). Also, for a proper accounting of the rotational and translational enthalpy in the gas phase to the enthalpy part of thermal energy, the vibrational zero-point energy (ZPE) of all the species was computed. It was advised ([@CR42]) that both ZPE + RI-MP2/def2-TZVPP methods provide reasonable accuracy of Gibbs free energy calculation.

Results and Discussion {#Sec10}
======================

Solubility of Curcumin in NADES {#Sec11}
-------------------------------

The solubility of curcumin in seven different natural deep eutectic solvents was measured spectrophotometrically based on the calibration curve documented in Fig. [1](#Fig1){ref-type="fig"}, which provided an acceptable linear correlation for calculating the concentration of curcumin in the solution, with the coefficient of determination equal to almost 0.997.

The tested NADES varied not only in their chemical composition, utilizing choline chloride together with seven different constituents as listed in Table [I](#Tab1){ref-type="table"}, but also in their molar proportions. Three different ratios were used, namely a unimolar proportion and a threefold excess amount of both choline chloride and the second component, which yielded a total of twenty one different combinations. The obtained solubilities, expressed as the mass concentration of the drug in NADES, were compared to the solubility of curcumin in water, which was determined by experiment to be equal to 0.0006 mg/g. This led to the calculation of the solubility advantage of the studied systems, defined as the ratio of the solubility of curcumin in NADES and in the aqueous solution. The obtained solubility values, together with the calculated solubility advantage, were collected in Table [I](#Tab1){ref-type="table"}. It is evident that all of the studied formulations were responsible for a significant increase of the solubility of curcumin compared to water. Among these systems the NADES comprising choline chloride and glycerol gave the largest increase in curcumin solubility, regardless of the molar ratio used. In particular, for the unimolar proportion, which was found to be the most successful in terms of solubility increase, the solubility of curcumin was found to be 7.25 mg/g, which amounts to a solubility advantage of more than twelve thousand.Table ISolubility At 20^o^c of Curcumin (Mg/G) in Natural Deep Eutectic Solvents Comprising Choline Chloride Combined With Selected Sugars and Sugar Alcohols. Values of Solubility Advantage Are Provided In BracketsNADES constituentMolar ratio of choline chloride and the second NADES constituent3:11:11:3Glycerol2.32 (3870.0)7.25 (12,089.7)3.15 (5255.2)Fructose1.02 (1706.3)3.11 (5179.9)0.79 (1319.9)Glucose0.99 (1647.0)2.90 (4837.1)0.74 (1226.1)Sorbitol0.38 (641.3)1.29 (2148.2)0.44 (725.3)Xylitol0.33 (558.2)1.17 (1954.6)0.37 (628.6)Sucrose0.65 (1089.3)0.27 (444.0)0.20 (340.2)Maltose0.61 (1010.3)0.21 (345.7)0.17 (285.6)

As for other NADES, the systems with fructose and glucose gave the second most significant solubility increase, *i.e*. around 5000 compared to water. Using sorbitol and xylitol as the second NADES component resulted in an even smaller solubility advantage, although its value was still as high as 2000. The smallest solubility increase, around 1000, was observed for systems utilizing sucrose and maltose. Certain regularities in the influence of the molar ratio of constituents were observed. For the first five most efficient NADES the highest solubilities were obtained for the unimolar proportion. Furthermore, for the three most successful ones the second best composition involved an excess amount of the second component. In the case of the other two systems, *i.e*. utilizing sorbitol and xylitol, the second optimal proportion involved an excess amount of choline chloride. As for the two least successful NADES, this order was different since the solubility of curcumin increased with the increased amount of choline chloride in the composition.

The most promising NADES system, that is the one utilizing choline chloride and glycerol, was selected for further tests involving an extended range of molar compositions and different temperatures. The range of molar ratios of constituents was extended by an addition of five- and seven fold excess amounts of either of the components with the dissolution temperature ranging from 20^o^C to 60°C with a 10 degree interval. The obtained results were collected in Table [II](#Tab2){ref-type="table"}.Table IISolubility of Curcumin (Mg/G) In Natural Deep Eutectic Solvents Comprising Choline Chloride And Glycerol In Varying Temperatures. Values of Solubility Advantage Are Provided In BracketsT \[^o^C\]Molar ratio of choline chloride and glycerol7:15:13:11:11:31:51:7200.63 (1047.4)1.09 (1814.0)2.32 (3870.0)7.25 (12,089.7)3.15 (5255.2)2.56 (4274.6)1.94 (3238.0)300.75 (1250.0)1.46 (2433.3)2.51 (4183.3)7.44 (12400)3.32 (5533.3)2.72 (4533.3)2.02 (3366.7)401.03 (1719.5)1.66 (2770.5)2.97 (4954.7)7.76 (12,936.3)3.54 (5893.0)2.91 (4843.6)2.34 (3896.1)501.2 (2007.6)1.92 (3205.4)3.15 (5243.7)8.15 (13,581.8)4.01 (6679.9)3.06 (5103.5)2.46 (4098.1)601.38 (2303.4)2.11 (3513.4)3.65 (6080.8)8.6 (14,333.1)4.15 (6921.3)3.14 (5228.4)2.63 (4382.5)

The increased temperature resulted in raised curcumin solubility values for all of the studied molar compositions. For the unimolar proportion, responsible for the largest solubility of curcumin, the temperature increase from 20 °C to 60°C gave a solubility raise of less than 20%. Interestingly, this was the smallest increase in solubility among all of the studied systems. It was found, that increasing either the amount of choline chloride or glycerol results in a more pronounced solubility gain. For a sevenfold excess amount of choline chloride this solubility gain was the largest and amounted to around 120%.

Extraction of Curcuminoids from Turmeric Powder {#Sec12}
-----------------------------------------------

The system which turned out to be the most effective in terms of curcumin solubility was selected for studies on the extraction of curcuminoids from turmeric powder. NADES comprising choline chloride and glycerol in unimolar proportions was tested along with methanol and water for reference. Three commercial turmeric powders from different suppliers were used and the results of the tests were collected in Table [III](#Tab3){ref-type="table"}.Table IIIValues of Concentration of Curcuminoids (Mg/G) and the Extracted Mass Percentage of Turmeric Powder. The "NADES" Designation Refers To the Most Optimal of the Studied Formulations, Designations From 1 To 3 Refer To Different Commercial SuppliersTurmeric powderMethanolWaterNADES"1″2.55 (5.09%)0.036 (0.07%)0.56 (1.10%)"2″2.64 (5.21%)0.041 (0.08%)0.64 (1.26%)"3″2.55 (5.05%)0.031 (0.06%)0.47 (0.94%)

The three different turmeric powders varied only slightly and gave very similar results in the case of each solvent. Methanol turned out to be the most effective extraction solvent among studied media, as the extracted amount of curcuminoids reached more than 5% of the initial mass of the turmeric powder sample. On the other hand, this value was minimal in the case of water. The chosen NADES was responsible for the extraction of around 1% of the turmeric powder mass. Although the extracted amount was smaller than for methanol, it was still a significant one and the advantage of using natural deep eutectic solvents for this role lies in the fact that they are safe to use in terms of health hazards caused by organic solvents traditionally used for extraction of curcuminoids. Besides, it is known that that there is synergistic effect of three major curcuminoids present in natural herb *Curcuma longa*, what was even patented and marked under trade mark Curcumin C3 complex®. Therefore, the application of NADES as an extraction media also takes advantage of this natural mixture of three major curcuminoids.

Stability of Curcumin in NADES {#Sec13}
------------------------------

The stability of curcumin is important in the context of preserving its pharmaceutical activity but also because curcumin can be used as a dye and therefore requires adequate color stability. It is known that curcumin is sensitive to light and temperature which limits its applications ([@CR43]). This was the motivation for the tested involving exposure of curcumin sample to artificial sunlight which would simultaneously simulate the effect of light and temperature. Curcumin dissolved in methanol and NADES was used, together with curcumin powder. The details of the procedure can be found in the methodology part and the results were presented in Fig. [2](#Fig2){ref-type="fig"}.Fig. 2Percentage of the initial concentration of curcumin as the function of the irradiance from artificial sunlight. White squares denote curcumin dissolved in NADES, black triangles denote curcumin dissolved in methanol, while grey circles stand for curcumin powder.

Curcumin in the form of powder and dissolved in methanol experienced a significant degradation after exposure to artificial sunlight. In the case of methanol solution the concentration of curcumin in the sample dropped to 5% of its initial amount after 120 min. For curcumin powder this decrease was less pronounced although after the same time only 19% of curcumin remained in the sample. In contrast, curcumin dissolved in NADES, choline chloride and glycerol in unimolar proportions, remained stable through the whole time of exposure and no degradation was observed. This is a particularly interesting observation in regard to the significant extraction potential of the tested NADES which makes it possible to safely store curcumin in this solvent immediately after extraction from natural sources.

Solubility of Curcumin in FASSGF and FASSIF {#Sec14}
-------------------------------------------

The bioavailability of curcumin, and any other drug, is limited by its solubility in gastrointestinal fluids. Therefore, a series of tests was conducted aimed at determining the solubility of curcumin in Fasted State Simulated Intestinal Fluid (FASSIF) and Fasted State Simulated Gastric Fluid (FASSGF). Curcumin was used both in the form of a powder, as well as contained in NADES comprising choline chloride and glycerol in unimolar proportions. It is known that gastrointestinal fluids show significant condition dependent volumes, varying also among individuals. In particular, according to the study by Schiller *et al*. ([@CR44]) the volume of the fasted gastric fluid varies from 13 mL to 75 mL (median: 47 mL), while for the small intestinal fluid from 45 mL to 319 mL (median: 83 mL). Hence, taking this into account requires different amounts of simulated fluids for mimicking the range of possible physiological conditions. Thus, the volumes of both FASSGF and FASSIF used in further solubility studies ranged from 10 mL up to 300 mL. The solubility of curcumin powder in the two simulated gastrointestinal fluids was also determined and used as a reference. Performed measurements for FASSGF the solubility of curcumin resulted in 0.001 mg/g, while for FASSIF its solubility was found to as rich as 0.004 mg/g. Analogically, the solubility of curcumin contained in NADES was determined in different volumes of gastrointestinal fluids, in the range occurring among different individuals, and the results were presented in Fig. [3](#Fig3){ref-type="fig"}. For comparative purposes also the solubility in water was provided.Fig. 3Concentration of curcumin contained in NADES in different solvents: water (black triangles), FASSGF (grey circles) and FASSIF (white squares) as the function of the volume of the simulated gastrointestinal fluid. The black vertical line denotes the median volume of the gastric fluid (47 mL), while the grey vertical line is the median volume of the small intestinal fluid (83 mL), both in fasted state. The horizontal lines depict the volume ranges of the two gastrointestinal fluids found among different individuals.

After the addition of curcumin contained in NADES to the gastrointestinal fluid an undissolved excess amount of curcumin appeared in the solution and the concentration of curcumin decreased with the increased amount of the fluid. However, one could expect that if the NADES played no role in curcumin solubility the concentration would remain on the same level (0.001 mg/g for FASSGF and 0.004 mg/g for FASSIF) as the undissolved excess curcumin would be gradually dissolved by increased amount of the gastrointestinal fluid. However, this was not the case and what should be attributed to the fact that for small volumes of the internal fluids the added NADES remains a significant portion of the entire volume. For example, in 10 mL of the gastrointestinal fluid the added NADES composition, equal to 300 mg, is around 3% of the entire volume, while in 300 mL it is reduced to around 0.1%. Therefore, in small volumes of intestinal and gastric fluids the NADES remains active as an agent increasing the solubility of curcumin. This univocally points out that fasted states, corresponding to small volumes of gastrointestinal fluids, are preferable in this context. It is also evident that the solubility of curcumin in the Fasted State Simulated Intestinal Fluid is significantly larger than in the case of Fasted State Simulated Gastric Fluid, not to mention in water. For the median volumes of gastrointestinal fluids mentioned above, the concentrations were determined as follows: in 47 mL of FASSGF -- 0.0035 mg/g; in 83 mL of FASSIF -- 0.008 mg/g. This observation on the other hand, suggests that the small intestinal fluid is the desired place of curcumin delivery. Also, a significant gain in solubility is observed when comparing these values to the concentration of powdered curcumin in gastrointestinal fluids, *i.e*. for FASSGF the solubility of curcumin contained in NADES is around 3.5 times larger and for FASSIF it is around 2 times larger. These values demonstrate the feasibility of using natural deep eutectic solvents as curcumin solubility enhancing agents for administration to individuals.

Origins of the Enhanced of Curcumin Solubility in NADES {#Sec15}
-------------------------------------------------------

The observations presented above clearly suggest that all studied NADES are very effective solubility enhancers of curcumin. In order to find the origin of this fact, the detailed mechanism was studied in the case of the most effective NADES, comprising choline chloride and glycerol. Hence, advanced quantum chemistry computations were undertaken for inspection of the structure of systems comprising curcumin (A), choline chloride (C) and glycerol (B) with experimental proportions.

As mentioned in the methodology part, the affinity of components was expressed by values of Gibbs free energy of pairs formation, X + Y = XY, where X,Y = {A,B,C}. Hence, three dimers representing homo-molecular pairs were considered what was augmented by three hetero-molecular contacts. Schematic representation of geometries and electrostatic densities of these pairs are presented in Fig. [4](#Fig4){ref-type="fig"}.Fig. 4Electrostatic density contour plots of the most stable pairs of NADES-curcumin systems. Red color represents electro-negative centers, while blue color stands for electro-positive regions.

It is worth mentioning that for actual computations several conformers of either monomers or bi-component clusters were used. For illustration purpose only the most stable pairs were included in Fig. [4](#Fig4){ref-type="fig"}, which exemplifies the structural diversity of NADES-curcumin systems. All components are prone to hydrogen bonding formation or strong electrostatic interactions. In the case of curcumin the most favourable dimer is stabilized by hydrogen bonding of vicinal hydroxyl group with one of the central keto-groups. Contributions of all other structures to the overall stabilisation of the system can be inferred from Fig. [5](#Fig5){ref-type="fig"}, documenting the computed values of Gibbs free energies of reactions mentioned earlier. In the left panel of Fig. [5](#Fig5){ref-type="fig"} the temperature influence on the properties of the 1:1 NADES-curcumin system is described. It is evident that the temperature condition has almost a monotonous influence on all values of ΔG~r~. Since all reactions leading to homo- and hetero-molecular complexes are endothermic and entropy driven, the rise of temperature is associated with the increase of affinity between constituents of all considered systems. This is in good accord with the observed rise of solubility of curcumin imposed by temperature elevation. Besides, temperature has only a marginal influence on the relative stabilization of complexes and the strongest stabilization is observed for hetero-molecular AC complex. Hence, in all temperatures the strongest binding of choline chloride with curcumin is responsible for the solubility alteration of this API in the studied NADES. Choline chloride is also able to form very strong dimers, which are only slightly less stable then AC complexes. The affinities of glycerol for dimerization and binding with curcumin are very comparable and lower than the two former complexes by about 2 kcal/mol. The lowest value of ΔG~r~ has been found in the case of self-association of curcumin and glycerol interactions with choline chloride. Hence, the relative stabilization observed in 1:1 NADES-API system can be summarized as follows: AC ≈ CC \> AB≈BB \> AA≈BC in all temperatures, including normal body conditions.Fig. 5Quantification of the influence of temperature and amount of choline chloride (C) on the values of Gibbs free energy of binary intermolecular complexes formation. (**a**) NADES-curcumin 1:1 system (**b**) T = 22°C.

The right panel of Fig. [5](#Fig5){ref-type="fig"} presents the trends of ΔG~r~ computed at room temperature as a function of choline chloride mole fraction in NADES. It is worth emphasizing that changes in choline chloride concentration significantly alter the properties of the obtained ionic liquid due to polarity alterations and the most significant influence can be observed in the case of the most dominant intermolecular interactions. First of all, what was expected, the increase of choline chloride concentration is responsible for an increase of stabilization of both AC and CC complexes. Furthermore, variation of choline chloride amount in the system has a very strong influence on self-association of curcumin and the rise of choline chloride share significantly reduces the stability of curcumin dimers in the solution. Since this trend is very sharp, the overall concentration of bound curcumin decreases with the increase of choline chloride in the system. This is even strengthened by a systematic decrease in stabilization of AB pairs. The mean value of intermolecular interactions is affected by choline chloride concentration as plotted in Fig. [5](#Fig5){ref-type="fig"}. It turns out that the minimum value equal to −9.1 kcal/mol has been found for the 1:1 NADES-curcumin system. This is in good correspondence with the experimentally observed solubility of NADES of varying proportions of choline chloride and glycerol. Besides, it is observed that the rise of temperature does not shift the location of this minimum and only to −9.7 kcal/mol at 60°C, which was the highest studied temperature.

In conclusion, it is worth summarizing that the computed values of ΔG point out on the source of solubility enhancement of NADES, which is directly related to interactions of curcumin with either choline chloride or glycerol. The former predominates and has the dominant contribution to the presence of bound form of curcumin in the solution. Curcumin dimers are supposed not to contribute to the solubility increase due to much lower stability compared to hetero-molecular pairs.

Conclusions {#Sec16}
===========

Several important conclusions arise from the presented results. First of all, the solubility of curcumin in NADES was significantly larger than in the case of an aqueous solution. Among the studied formulations, the system with choline chloride and glycerol in unimolar proportions gave the highest solubility value, *i.e*. 7.25 mg/g in room temperature, which stands for an increase of 12 thousand times compared to aqueous solution, justifying the use of NADES as systems for efficient curcumin dissolution. This system was also tested as a potential medium for extraction of curcumin from natural sources and was quite successful in that role, particularly because of the fact that natural deep eutectic solvents are safe to use in food and pharmaceutical industries and can be administrated to individuals freely, which is usually not the case for organic solvents. This particular NADES was further tested as a stabilizing agent and it was found that it prevent the degradation of curcumin under the exposure to sunlight, contrary to methanol solution or even curcumin powder. Finally, the solubility of curcumin, both in the form of a powder and contained in NADES, was assessed in simulated gastrointestinal fluids, namely Fasted State Simulated Intestinal Fluid (FASSIF) and Fasted State Simulated Gastric Fluid (FASSGF). Based on these studies, it is evident that using NADES as an agent for curcumin delivery offers an advantage over administrating curcumin in the form of a powder, as the solubilities of curcumin pre-dissolved in NADES are 2 and 3.5 times higher in the two respective fluids, although for the optimal delivery of curcumin in NADES lower volumes of gastrointestinal fluids are preferable. Importantly, the solubility of curcumin in the intestinal fluid is significantly larger than in the gastric fluid, which suggests that this may be the preferred place for the delivery of curcumin as a drug.

The general conclusion drawn from the obtained results is that natural deep eutectic solvents can be utilized throughout the whole process of curcumin handling, *i.e*. from the extraction from natural sources up to oral administrations to individuals because of their advantageous properties as curcumin solvents, as well as environmental and health safety. It is also evident the topic of using NADES as agents for optimized delivery of active pharmaceutical ingredients certainly deserves a deeper insight, including clinical trials.

The performed quantum chemistry computations clearly indicated the origin of the enhanced solubility of curcumin in NADES in the presence of gastrointestinal fluids. Direct intermolecular contacts leading to hetero-molecular pairs with choline chloride and glycerol are responsible for elevating the bulk concentration of curcumin. Choline chloride plays a dominant role in the system and the complex formed with curcumin is the most stable among all possible homo- and hetero-molecular pairs that can be found in NADES-curcumin systems.

FASSGF

:   Fasted State Simulated Gastric Fluid

FASSIF

:   Fasted State Simulated Intestinal Fluid

NADES

:   Natural Deep Eutectic Solvent
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